The breeding system of the dichogamous hermaphrodite species Silene acutifolia, endemic to north-west Spain and north and central Portugal, is examined. Pollen germinability and style±stigma receptivity were analysed to determine whether protandry is a barrier to self-fertilization. By 48 h after anthesis, pollen germinability had declined to approx. 10 %. The short straight styles are not receptive when¯owers ®rst open. They gradually elongate and curve outwards, develop stigma papillae and become receptive. There is no clear separation between stigma and style: the stigma papillae appear in a line along the length of the style. Fruit set is high regardless of pollen source; however, seed set is signi®cantly reduced after both spontaneous and facilitated autogamy. Seed set following spontaneous autogamy was 30 % (86 % in controls) in 1998 and 33 % (87 % in controls) in 1999. Seed set following facilitated autogamy was 62 % (86 % in controls) in 1998 and 67 % (89 % in controls) in 1999. Thus, separation of the male and female phases does not prevent production of seeds by self-pollination, although it does reduce the likelihood of this. Furthermore, results of the present experiments indicate that this species has no self-incompatibility mechanisms (self-compatibility index = 0´98). The sel®ng rate in the study population was 0´41, which is supported by the lack of self-incompatibility systems and by the incomplete protandry.
INTRODUCTION
Dichogamy is the temporal separation of anther dehiscence and stigma receptivity (whether at the single-¯ower or whole-plant level), and has classically been described as a mechanism for reducing self-fertilization (Faegri and van der Pijl, 1979; Lande and Schemske, 1985 ; for a review, see Bertin and Newman, 1993) . It has been suggested that protogyny is more effective than protandry for minimizing self-fertilization because it guarantees a period during which there is no pollen available; this applies both to within-¯ower protandry in hermaphrodite¯owers, and tō ower protandry in monoecious species (Bertin, 1993 ; but see also Grif®n et al., 2000) . By contrast, in protandric dichogamy, self-pollen may often remain on the stigmas when these become receptive, permitting self-fertilization (Bertin, 1993) .
In species that lack physiological self-incompatibility, the contamination of stigmas with self-pollen can lead to selffertilization, which may reduce ®tness if selfed offspring suffer inbreeding depression (Grif®n et al., 2000) . Therefore, in cases where inbreeding depression occurs, dichogamy may be selected to avoid the negative consequences of sel®ng. Inbreeding depression is considered to be the strongest selective pressure acting against self-pollination (Lande and Schemske, 1985; Holsinger, 1996; OrtizBarney and Ackerman, 1999) . If there is no inbreeding depression or other opposing forces, genes determining selfpollination will increase in frequency in each generation (Fisher, 1941) . In a given population, the frequency of selfpollination can be expected to increase if inbreeding depression is less than 50 %, and to decrease if inbreeding depression is more than 50 % (Lande and Schemske, 1985; Barrett and Kohn, 1991) . However, the sensitivity to inbreeding depression may evolve in conjunction with the mating system, and prolonged sel®ng decreases inbreeding depression by reducing genetic load (Charlesworth and Charlesworth, 1987; Barrett and Harder, 1996; Husband and Schemske, 1996) . Furthermore, selfers tend to express most inbreeding depression late in their life cycles, whereas outcrossing species tend to express substantial inbreeding depression throughout their life cycles (Barrett and Harder, 1996) .
Dichogamy is not simply a mechanism to prevent selffertilization. Lloyd and Webb (1986) suggest that selection to avoid interference between pollen presentation and stigma receptivity is widespread in plants exhibiting crosspollination, and that this selection is fully or partially responsible for diverse¯oral characteristics, including dichogamy. Bertin (1993) showed that both dichogamy and monoecy are present with equal frequency in selfcompatible and self-incompatible plants. As self-incompatibility is itself suf®cient to avoid self-fertilization, this suggests that dichogamy is more than just a mechanism for increasing female reproductive success by avoiding selffertilization (Harder et al., 2000) .
Silene L. is a particularly interesting genus in which to study the evolution of reproductive and breeding systems. The species belonging to this genus have a wide variety of * For correspondence. Fax +34 981 594912, e-mail bvmbuide@usc.es reproductive systems, including gynodioecy, gynomonoecy, hermaphroditism and dioecy. The best documented pathways to gender dimorphism are: that from cosexuality leading to gynodioecy, and often to dioecy; that from monoecy via paradioecy to dioecy; that from cosexuality via androdioecy to dioecy; that from heterostyly to dioecy; and that from duodichogamy or heterodichogamy to dioecy (Webb, 1999) . There have been numerous published reports on the gynodioecious and gynomonoecious species of Silene, including S. vulgaris (Charlesworth and Laporte, 1998; McCauley, 1998; McCauley and Brock, 1998; Andersson, 1999; Taylor et al., 1999) , S. uni¯ora (Pettersson, 1997; Runyeon and Prentice, 1997) , S. stockenii (Talavera et al., 1996) , S. acaulis (Shykoff, 1992; Alatalo and Molau, 1995; Maurice et al., 1998) , S. italica (Maurice, 1999) , as well as in dioecious species, including S. latifolia (Gross and Soule, 1981; Purrington, 1993; Grant et al., 1994; Guttman and Charlesworth, 1998; Purrington and Schmitt, 1998; Lardon et al., 1999) , S. dioica (Elmqvist et al., 1993; Giles and Goudet, 1997; Carlsson-Grane Âr et al., 1998; Hemborg and Karlsson, 1999) and S. otites (Soldaat et al., 1997) . In a phylogenetic study of this genus, Desfeux et al. (1996) proposed that apart from the pathway from gynodioecy to dioecy, evolution from gynodioecy to hermaphodism has occurred. Despite the large number of studies of dimorphic species, studies of hermaphrodite species remain less common [e.g. S. douglasii (Kephart et al., 1999) and S. regia (Menges, 1995) ]. In this study the breeding system and the functional signi®cance of protandry in reducing self-fertilization were investigated in Silene acutifolia Link ex Rohrb. (Caryophyllaceae), a hermaphrodite spring-¯owering species endemic to north-west Spain and north and central Portugal (Talavera, 1990; Buide and Guitia Ân, 2002) .
MATERIALS AND METHODS
The plant and the study area Silene acutifolia is endemic to north-west Spain and north and central Portugal (Talavera, 1990) . It typically grows in rocky habitats. It is a perennial species, with a rosette of basal leaves and a variable number of fertile stems bearing dichasium-type in¯orescences. The number of¯owers per plant varied from one to 310 in the 91 plants analysed in the present study. Flowers are purplish-pink in colour and are hypogynous. The gynoecium has three carpels united to form a compound ovary with three styles that are short when the¯owers open and that elongate gradually. The ten stamens are introrse, and when elongate the anthers group in the upper part of the¯ower. The ten stamens are inserted in two sets, ®ve to the bottom of the ovary and ®ve to the bottom of petals. Despite this distribution, dehiscence does not occur in two sets: when the¯ower opens usually only one or two stamens are fertile, the others being short and indehiscent; these gradually elongate and open. The fruit is a dehiscent capsule. The seeds are ornamented on the surface. In the study area, the principal pollinators are hymenopterans (Bombus and Anthophora), although the pollinator spectrum is broad and also includes dipterans and lepidopterans (M. L. Buide, unpubl. res.) (Buide and Guitia Ân, 2002) .
Stigma receptivity
To determine the stigma length that corresponds to optimum stigma receptivity, pollen germination on stigmas was assessed, as was subsequent pollen tube growth at various stigma lengths. For one¯ower in each of 21 different plants, the numbers of pollen grains (n = 14), germinated pollen grains (n = 13) and pollen tubes (n = 21) were counted in the three stigma±styles of each¯ower. Thē owers were emasculated and bagged prior to anthesis; every¯ower was hand-pollinated at a different developmental stage, from¯owers just after anthesis, with very short styles, to¯owers approaching senescence, with long, curved styles. Once hand-pollinated, the¯ower was bagged again, then harvested 24 h after pollination and ®xed in FAA (95 % ethanol, distilled water, 37±40 % formaldehyde, glacial acetic acid; 10 : 7 : 2 : 1) to allow subsequent examination of pollen grains and pollen tubes by¯uores-cence microscopy. Style length was measured with the aid of a stereomicroscope, and styles were then stored in 70 % ethanol. Pistils were cleared and softened with sodium hydroxide (8 N NaOH) for about 6 h, rinsed in tap water for 1±2 h to eliminate NaOH, then stained with aniline blue previously decoloured with K 2 HPO 4 for approx. 12 h. This method causes callose in the pollen grains and tubes to be stained and to¯uoresce brightly under short-wave (UV) light (see Kearns and Inouye, 1993; Kalinganire et al., 2000) . Samples were viewed through an epi¯uorescence photomicroscope, and the number of adherent pollen grains, the number of germinated pollen grains and the number of well-developed pollen tubes (i.e. pollen tubes extending at least halfway down the style) were counted.
In vitro pollen germination
Variation in pollen germination capacity with grain age was investigated by in vitro experiments. Five¯ower buds from ®ve different individuals were bagged, and pollen was collected just after the¯ower opened. The¯owers were then bagged again and pollen was collected 24 h later from the same anthers and again 48 h later. Pollen was collected using a closed micropipette, and was sown onto Petri dishes containing agar with 30 % sucrose. This culture medium was chosen because it gave the best results in preliminary trials with agar containing 0, 10, 30 or 50 % sucrose, with or without additional nutrients (boric acid, potassium nitrate, calcium nitrate and magnesium sulfate). Petri dishes were transported to the laboratory and the percentage of pollen that had germinated 6 h after sowing was estimated using a stereomicroscope.
Crossing systems
To analyse the effects of pollen source on ®nal fruit and seed set, various pollination experiments were performed during spring 1998 and 1999. Because of the small number of accessible plants with suf®cient¯owers, we could not apply all treatments to each plant, although there was always a control of each treatment in the same plant. We marked a total of 19 plants in 1998 and 60 plants in 1999. In 1998, pollination treatments were applied as follows:
(1) autonomous autogamy, in which buds were bagged and bags remained closed until the corolla withered; (2) facilitated autogamy, in which buds were bagged and the three stigmas were hand-pollinated with pollen of the same¯ower, before being bagged again until the corolla withered; (3) geitonogamy, in which buds were emasculated, bagged and hand-pollinated with pollen of other owers of the same plant; and (4) xenogamy, in which buds were emasculated, bagged and hand-pollinated with pollen of¯owers of different plants. For each treatment we included a control¯ower (no manipulation) on a different branch (to avoid possible effects of manipulation on other owers of the same branch) of the same plant. We also set up another control to eliminate the (not expected) possibility that¯owers of S. acutifolia could reproduce by agamospermy or be wind pollinated, in which¯owers were emasculated and bagged without hand-pollination (pollen exclusion). In spring 1998 bagging was done with mosquito netting with a 1-mm mesh. During the bagging period, we observed that small ants (Leptothorax unifasciatus) were able to pass through the mesh, raising the possibility that our results were confounded by ant-mediated pollination. To eliminate this possibility in 1999,¯owers were bagged with green gauze with a 0´2-mm mesh, which did not permit ant access. To investigate whether the mesh used for bagging in 1999 had any effect on normal development, additional experiments were performed in which previously bagged supplementary¯owers were hand-pollinated, and their ®nal fruit and seed set compared with that of controls that were hand-pollinated but not bagged. In 1999, pollen exclusion was also considered as a treatment with its own control. The remaining treatments in 1999 were as in 1998.
Each¯ower was bagged individually before anthesis, with the bag being closed around the pedicle using copper wire. For each bagged¯ower, a control¯ower was tagged on the same plant, in the same position in its in¯orescence and at the same phenological stage. Within each treatment different plants were always used. Manual pollination was performed using hard, blue (to show collected pollen more clearly) plastic triangles folded along the median. Stigmas of¯owers in all treatments were pollinated at the female phase. As variation in fruit and seed production is partly due to intrinsic factors, each treatment (including the control) was performed using¯owers of the same plant, but on different branches to avoid possible effects of manipulation on other¯owers of the same in¯orescence.
Measures of sel®ng rate and inbreeding depression
The sel®ng rate was calculated following Charlesworth (1987 Charlesworth ( , 1988 :
where p x is the chosen indicator of reproductive performance following cross pollination, p s is that indicator following autogamy and p o is that indicator following natural pollination.
Authors who have calculated the sel®ng rate using Charlesworth's method have sometimes used p s based upon pollen from the same¯ower (Kron et al., 1993; Escaravage et al., 1997) , or have used p s based upon pollen from other¯owers of the same plant (Aizen and Basilio, 1995) . In the present study, p s was determined using pollen from other¯owers of the same plant (i.e. geitonogamy), because we consider that the lower seed set following autogamy is due to protandry, not to genetic incompatibility.
Levels of inbreeding depression (d) were determined on the basis of the relationship between the seed set of selfpollinated¯owers (w s ) and of cross-pollinated¯owers (w c ) (Charlesworth and Charlesworth, 1987; Kephart et al., 1999) . As for calculation of the sel®ng rate, self-pollination was with pollen from other¯owers of the same plant. The inbreeding depression level was calculated as:
Self-compatibility index and self-fertilization index
The self-compatibility index (SCI) and the self-fertilization index (SFI) were calculated according to Lloyd and Schoen (1992) . SCI is the mean seed set (or fruit set) for manually self-pollinated¯owers divided by the mean seed set (or fruit set) for cross-pollinated¯owers. As in the case of sel®ng rate and inbreeding depression level, self-pollination was with pollen from other¯owers of the same plant; this approach has been used by other authors (e.g. Pickering, 1997) , although some authors (e.g. Escaravage et al., 1997) have used pollen from the same¯ower.
Statistical analyses
Relationships between style±stigma length and the number of adherent grains of pollen, the number of germinated grains or the number of pollen tubes were investigated by simple linear regression. Pollen germination percentages at different times after anther dehiscence were compared using the Kruskal±Wallis non-parametric test. Fruit production was compared between treatments and controls using Fisher's exact test. Because the seed-set data were not normally distributed, ratios were compared with corresponding controls using Wilcoxon's test.
RESULTS

Stigma receptivity
The length of the stigma±style was positively and signi®-cantly related to the number of pollen grains adhering (Fig. 1A) , the number of pollen grains germinating (Fig. 1B) and the number of pollen tubes in the style (Fig. 1C) . Below a certain threshold length, styles do not have developed papillae and do not allow pollen grains to adhere, germinate or develop pollen tubes. In spite of the signi®cant positive regression (Fig. 1) , data above these thresholds showed high dispersion, and there was no clear linear relationship. No pollen grains were observed on style±stigmas shorter than 6´2 mm (Fig. 1A) . When the¯ower opens, styles are short and the stigma papillae are undeveloped; pollen grains do not adhere (Fig. 2A) . As the style grows and the papillae develop (Fig. 2B) , adherent pollen grains are observed with increasing frequency (Fig. 2C) . There is no clear delimitation between style and stigma: papillae are present over the entire surface of the stigma (Fig. 2D) , and in a row running longitudinally along the style (Fig. 2C and F) . No germinated pollen grains were observed on styles shorter than 8´4 mm (Fig. 1B) , nor were well-developed pollen tubes observed in styles shorter than 9 mm (Fig. 1C) . Once the pollen grain had germinated, pollen tubes grew and developed callose plugs ( Fig. 2E and F) . As the style± stigma grows it curves, eventually attaining the mature appearance shown in Fig. 2G and H.
In vitro pollen germination
Germination percentages were high in pollen from recently opened¯owers (68 %); 24 h later only 42 % of pollen from these anthers germinates, and this ®gure falls to 10 % 48 h later (Kruskal±Wallis test P = 0´001) (Fig. 3) , showing that the pollen that remains in anthers without being collected by visitors becomes inviable.
Crossing systems
In 1998, 43 % of the bagged and emasculated¯owers that did not receive manual pollination (pollen exclusion control) produced fruit (Fig. 4A) . Mean seed set for these fruits was 22 % (Fig. 5A) . In these experiments, bagging was with 1-mm mesh; in 1999, using 0´2-mm mesh, none of the¯owers set fruit (Fig. 4B) . Neither fruit nor seed set differed signi®cantly between bagged¯owers (0´2-mm mesh) that received supplementary pollination and unbagged¯owers that received supplementary pollination (bagging effects, Figs 4B and 5B). This con®rms that bagging with 0´2-mm mesh did not affect reproductive success.
In general, levels of fruit set were high in both years (Fig. 4) , except for pollen exclusion treatments. No signi®cant differences were observed between autonomous autogamy and the no-manipulation controls, either in 1998 (Fisher's exact test, P = 0´48, n = 22) or in 1999 (P = 0´69, n = 40). Similarly, fruit set did not differ between¯owers subjected to facilitated autogamy and the corresponding controls: in 1998, all¯owers produced fruits in both groups (n = 14), and in 1999 fruits were produced by 85 % of facilitated autogamy¯owers and 95 % of control¯owers (Fisher's exact test, P = 0´61, n = 40). In addition, there were no signi®cant differences in fruit set between¯owers that received pollen from the same plant and the corresponding controls (Fisher's exact test, P = 1´00, n = 16 in 1998; P = 0´48, n = 32 in 1999). In 1998, all¯owers to which pollen from other plants was applied set fruit, as did untreated control¯owers (n = 12) (Fig. 4) . In 1999 similar results were obtained: fruit set was 94 % for cross-pollinated and control owers, and 100 % for emasculated¯owers (n = 45). Among-treatment differences in seed set were more marked than among-treatment differences in fruit set, with similar patterns in both years (Fig. 5) . In both years seed set was signi®cantly lower in the autonomous autogamy treatment than in the corresponding controls (Table 1) . A less marked reduction with respect to controls was also observed in the facilitated autogamy treatment. Seed set in the geitonogamy treatment was practically identical to that in the corresponding controls in both years. Likewise, there was no difference between the xenogamy treatment and corresponding controls.
Sel®ng rate, inbreeding depression, self-compatibility and self-fertility
The sel®ng rate was 0´41. The value of inbreeding depression, measured at the level of seed set as a result of autogamous crosses with respect to xenogamous crosses, was 0´019. The value of the SCI was 0´98, and that of the SFI was 0´36.
DISCUSSION
Silene acutifolia is a hermaphrodite plant that shows temporal separation of pollen presentation and stigma receptivity. At the start of anthesis only one or two stamens are elongated and fertile, and the three stigma±styles are short and not receptive. Fluorescence microscopy of stigma±styles of emasculated-and-bagged¯owers pollinated at different times after anthesis showed that pollen does not adhere to or germinate in styles until they grow beyond a certain size. As they grow longer styles show increasing receptivity. When anthers ®rst dehisced, pollen germinability was high; it subsequently declined to approx. 10 % 48 h later. Similar results in pollen germinability were found in S. dioica, with a reduction to near-zero within 48 h (Bassani et al., 1994) . The same was observed by Nyman (1992) in Campanula dichotoma and was interpreted as a mechanism for promoting xenogamy. In contrast, other Campanula species studied by this author showed an increase in pollen germination capacity over time, as also found by Navarro (1996 Navarro ( , 1997 in the genus Petrocoptis, now considered as Silene (Mayol and Rosello Â, 1999 ). This separation between male and female phases is supported by the reduction in seed set following facilitated autogamy. Speci®cally, seed set may have been reduced in this treatment because little viable pollen remained in each ower at stigma receptibility, when the hand-pollenation was performed. Furthermore, the production of seeds by self-pollination is greatly reduced if pollinator access is prevented, as indicated by the low self-fertility index (0´36). Nonetheless, this temporal separation between the male and female phases is incomplete, as shown the fact that fruit set is not reduced and that some seeds are produced after both spontaneous autogamy and facilitated autogamy. The introrse stamens also facilitate pollen deposition on the stigmas of the same¯ower, as they elongate and separate outwards.
On the other hand, high levels of fruit and seed set following pollination using pollen from the same genet in geitonogamous crosses also support the fact that reduced seed set in facultative autogamy is due to protandry. Because geitonogamous treatments are self-fertile, protandry is not effective at preventing within-plant selffertilization. The type of in¯orescence also contributes to increase within plant sel®ng. As de®ned by Lloyd and Webb (1986) , the in¯orescence is asynchronous because not all owers are in the same sexual phase at a given moment. This is a consequence of this species' dichasium-type in¯orescence, in which ®rst a central¯ower forms and then the lateral¯owers develop sequentially. Thus, some¯owers within a given in¯orescence will show dehiscent anthers, whereas others will, at the same time, show receptive stigmas. The same pattern occurs among different in¯orescences within a single plant. This heterogeneity contributes to increasing self-pollination, and is observed in other species exhibiting protandry at the¯oral level (Ortega Olivencia and Devesa Alcaraz, 1993; Arizaga et al., 2000) ; with protandry sel®ng rates expected to be greater in earlȳ owers than in later ones (Brunet and Charlesworth, 1995) . The ten stamens of S. acutifolia elongate and mature gradually, so that viable pollen remains available for several days despite the loss of pollen germinability. This gradual exposure of the anthers may be seen as a mechanism for extending the period of pollen presentation (Lloyd and Webb, 1986; Harder and Thomson, 1989) . Speci®cally, Lloyd and Yates (1982) suggest that extension in time of the pollen presentation phase may act to increase male reproductive success by increasing the time during which visitors can collect pollen; by contrast, if pollen is presented in relatively large amounts over a relatively short period, there is a high risk that one or a few individuals will remove much of the pollen and then not transfer it to another plant (see also Thomson and Barrett, 1981; Thomson et al., 1982; Thomson et al., 1989) . Wilson et al. (1994) suggested that male reproductive success might be associated with prolongation of pollen presentation when the insect visitation rate is high; this is indeed the case in S. acutifolia according to fruit and seed set data obtained for controls, and following observation of the insect visitation rate (M. L. Buide, unpubl. res.) .
Dichogamy may be a mechanism to avoid interference between pollen and stigmas (Lloyd and Yates, 1982; Lloyd and Webb, 1986; Bertin, 1993; Bertin and Newman, 1993; Mahy and Jacquemart, 1999) . In this model, protandry may be advantageous because it segregates pollen and stigmas in time and prevents them obstructing each other (Lloyd and Yates, 1982) . In S. acutifolia, as in other protandrous species, the styles are initially erect and remain together; later they extend outwards to expose the pollination surface. This means that the pollen is ®rst exposed without interference from the styles (Lloyd and Webb, 1986) .
The high values of the self-compatibility index (0´98) indicate that this species does not have self-incompatibility mechanisms. The degree of inbreeding depression detected in seed set was very low (0´019). When values of inbreeding depression are less than 0´5, theory predicts that sel®ng is favoured (Charlesworth and Charlesworth, 1987) , and Husband and Schemske's (1996) review of 54 species indicated that the degree of inbreeding depression is inversely related to the frequency of autogamy. The value of the sel®ng rate obtained in the present study was 0´41.
The low values of inbreeding depression in S. acutifolia may be because the study population has already been subjected to inbreeding, so that lethal and deleterious recessive alleles have been eliminated from the population. An alternative possibility is that the apparently low levels of inbreeding depression are attributable to the fact that only seed set was measured in the present experiment, and inbreeding depression may be manifest in other phases of the life cycle. For example, in a study of the caryophyllacean Schiedea membranacea, Culley et al. (1999) suggested that the high levels of inbreeding depression found in in¯orescence biomass, versus the much lower level at earlier stages, are possibly the result of expression of many mildly deleterious alleles, not of immediately lethal alleles [see also Johnston (1992) , and references therein, for examples of late expression of inbreeding depression]. In the hermaphrodite Silene douglasii, Kephart et al. (1999) found high levels of inbreeding depression for maternal families and using population means, with higher levels in early and late life stages and lowest levels for survival. Other authors have detected inbreeding depression in seed production (Husband and Schemske, 1995; Kittelson and Maron, 2000) . Silene acutifolia is a hermaphrodite species, all plants of which have only bisexual¯owers. It has been noted that hermaphroditism may not be as frequent in the genus Silene as suggested by many¯oras, which tend not to refer to gynodioecy. Silene acutifolia is, in addition, self-compatible. One of the most common pathways hypothesized for the evolution of reproductive systems involving dioecy in owering plants is hermaphroditism ® gynodioecy ® dioecy (see the different pathways in Webb, 1999) . In contrast with this common view, the phylogenetic study of Desfeux et al. (1996) suggests that in Silene the ancestral reproductive system is gynodioecy, which has evolved at different times to dioecy, or to hermaphoditism. The latter is viewed by these authors as part of a trend towards autogamy. The fact that in S. acutifolia dichogamy is not a barrier for self-fertilization supports this view. This would therefore suggest that S. acutifolia has arisen relatively recently within the genus. However, further experimental studies on the breeding systems of species of the genus Silene are necessary to clarify the evolutionary history of this group.
